As evaluated by confocal microscopy, CD16 engagement by reverse antibody-dependent cellular cytotoxicity (ADCC), rapidly induces SHIP-1 redistribution toward the area of NK cell contact with target cells and its co-distribution with aggregated rafts where CD16 receptor also co-localizes. The functional role of SHIP-1 in the modulation of CD16-induced cytotoxicity was explored in NK cells infected with recombinant vaccinia viruses encoding wild-type or catalytic domain deleted mutant SHIP-1. We found a significant SHIP-1-mediated decrease of CD16-induced cytotoxicity which is strictly dependent on its catalytic activity. These data demonstrate that CD16 engagement on NK cells induces membrane targeting and activation of SHIP-1 which acts as negative regulator of ADCC function.
Introduction
CD16, the low affinity receptor for the Fc fragment of IgG (FcgammaRIIIa), is a major activating receptor on NK cells; it consists of an oligomeric complex composed of one Fc-binding alpha-chain associated with homo-or heterodimers of the TCR-zeta and the gamma subunit of the high affinity receptor for IgE (FcepsilonRI) (1) . Thus, along with surface Ig, TCR, and other Fc receptors (FcR), CD16 belongs to the family of the multichain immuno-recognition receptors (MIRR) (2) .
CD16-mediated recognition of Ab-coated target cells triggers NK cytotoxic response which requires congregation of signaling molecules into the supramolecular activation cluster that leads to the polarization of lytic granules and raft microdomains into the area of NK-target cell contact (3) (4) (5) (6) .
Lipid rafts are specialized plasma membrane microdomains where signaling complexes are nucleated upon receptor engagement. Recent studies have demonstrated that MIRR engagement results in receptor enrichment in the raft compartment along with key signaling molecules, such as protein tyrosine kinases, lipid kinases, adaptor proteins and phosphoinositides (2, 7) .
Among the signaling pathways responsible for NK cell cytotoxicity, granule polarization and secretion, a foundamental role for PI3-K has been recently reported (8, 9) . By mediating membrane recruitment of pleckstrin homology (PH) domain-containing signaling proteins, phosphatidylinositol 3,4,5 trisphosphate (PI3,4,5P 3 ) represents a critical upstream component of major signaling pathways, and its synthesis and degradation require a tight control (10) . SHIP-1 represents a major route for degradation of PI3,4,5P 3 through its conversion into PI3,4P 2 (11, 12) . SHIP-1 activation has been mostly implicated in the negative signaling mediated by the inhibitory receptor FcgammaRIIb (13) , but an increasing amount of data have demonstrated its involvement also in response to different activating receptors (14) (15) (16) (17) . Extending our previous observation of CD16-induced association of SHIP-1 with receptor zeta chain through the adaptor protein shc (18) , we demonstrate here a novel function of SHIP-1 in the down-regulation of CD16-induced cytotoxicity. CD16 cross-linking on human primary NK cells triggers SHIP-1 activation that is For personal use only. on November 12, 2017 . by guest www.bloodjournal.org From 4 associated with its redistribution to the raft domains where it interacts with receptor complex, thus suggesting an important role for lipid rafts in the modulation of CD16-triggered signals.
For personal use only. on November 12, 2017 . by guest www.bloodjournal.org From Preparation of human NK cells. NK cell populations were obtained from 10-day co-cultures of nylon nonadherent PBMC (4 x 10 5 cells/ml) with irradiated (3000 rad) EBV + RPMI 8866 lymphoblastoid cell line (10 5 cells/ml), as previously described (19) . On day 10, the cell population was routinely 80-95% CD56 + , CD16 + , CD3 -, as assessed by immunofluorescence and cytofluorimetric analysis. The experiments were performed on NK cell populations that were more than 90% pure. Ab-mediated CD16 stimulation was performed as described (19) . For IgG-coupled bead stimulation, polystyrene beads (2.5-µm diameter; Interfacial Dynamic Corporation, Portland, OR) coated with human IgG or IgG F(ab') 2 (1.5 µg/10 6 cells) were incubated with human NK cells resuspended in RPMI 1640 serum-free medium, as described (20) . Cytotoxicity assay. The 51 Cr release reverse ADCC assay was performed as previously described (19) . The murine FcR + P815 mastocytoma cell line was used for reverse ADCC. Maximal and spontaneous releases were determined by incubating 51 Cr -labeled target cells with 1M HCl or medium alone, respectively.
Materials and methods
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Results
SHIP-1-mediated inositol 5'-phosphatase activity associates with CD16 zeta chain and shc upon receptor engagement.
We have recently described that CD16 cross-linking on human NK cells induces the association of SHIP-1 with receptor zeta chain through the adaptor protein shc (18) . We extended this initial observation and explored whether SHIP-1-mediated 5' phosphatase activity would actually associate with CD16 receptor complex. SHIP-1 selectively hydrolyzes the 5'-phosphate of PI3,4,5P 3 leading to its conversion to PI3,4P 2 (11, 12) . Lysates from CD16-stimulated human NK cells were immunoprecipitated with anti-shc, anti-zeta or control mAb and tested for the inositol 5'-phosphatase activity using radiolabeled PI3,4,5P 3 as substrate. As shown in the autoradiogram in The percentage of conversion of PI3,4,5P 3 to PI3,4P 2 in the different samples was then calculated on the basis of equivalent cell number, arbitrarily assuming as 100% the catalytic activity in the 10 SHIP-1 immunoprecipitates (panel C). Upon receptor triggering, almost 30% of total 5'-phosphatase activity was found associated with CD16 zeta chain, and up to 60% with shc.
Fig. 1
These data indicate that CD16 ligation on NK cells induces the association of SHIP-1-mediated 5'-inositol phosphatase activity with CD16 receptor complex. Increasing evidence have highlighted the critical role of recruitment and assembly of signaling complexes in the detergent-insoluble glycosphingolipid-enriched membrane microdomains termed rafts (2, 7).
As cellular phosphoinositides including the SHIP-1 natural substrate PI3,4,5P 3 , are highly enriched in the raft microdomains (27, 28) , we analyzed whether CD16 triggering could induce SHIP-1 redistribution into this cellular compartment. To this purpose, we fractionated NK cell lysates upon sucrose gradient centrifugation into twelve fractions. The position of lipid raft-containing fractions in the sucrose gradient was determined by western blot analysis of the presence of GM1 ganglioside using the GM1-specific ligand CTB. As shown in Fig. 2 (panels D), GM1 is particularly enriched in fractions 3 to 6. In contrast, tubulin is completely excluded from the lipid rafts (panels B), as described (22) . Fractions 8 to 12 derived from the Triton X-100 soluble compartment, represent cytosolic and non raft membrane fractions. We examined the distribution of SHIP-1 before and after CD16 stimulation that was obtained either by specific anti-CD16 mAb (panels A, right) or by human IgG-coupled polystyrene beads (panel E, right) in order to mimic CD16 natural ligand. We found very low basal levels of SHIP-1 in the rafts of unstimulated or IgG F(ab') 2 -coupled beadsstimulated NK cells (panels A and E, left), but the phosphatase accumulates in this compartment upon CD16 stimulation (panels A and E, right). The amount of SHIP-1 detected in the rafts upon receptor ligation was a substantial portion of the protein detected in soluble fraction of unstimulated cells. As expected, the adaptor protein LAT was also enriched in the raft fractions although its content was not increased upon CD16 stimulation (panels C).
Fig. 2
We then analyzed the kinetics of SHIP-1 translocation to the raft domains upon CD16 receptor triggering. Immunoprecipitation and western blot analysis of pooled sucrose-gradient fractions reveal an early and transient translocation of SHIP-1 to the rafts that is detectable already at 30 seconds, is maximal at 2 minutes, and completely recedes at 10 minutes after stimulation (Fig. 3) .
Fig. 3
In order to determine the cellular distribution of SHIP-1 and raft domains in NK cells engaged by reverse ADCC, we performed confocal microscopy analysis. FcR + P815 target cells and anti-CD16 
Fig. 4
These results further support the evidence that the inhibitory signaling molecule SHIP-1 translocates to raft microdomains upon CD16 engagement on NK cells.
CD16 receptor complex mediates the recruitment of SHIP-1 to the raft compartment via receptor zeta chain
We next examined the mechanisms underlying SHIP-1 recruitment to the raft domains in CD16-stimulated NK cells and in particular the involvement of receptor complex in this event.
We initially analyzed by confocal microscopy the relative distribution of CD16 receptor and SHIP-1. To this purpose, NK cells were stained at 4°C with FITC-conjugated anti-CD16 or anti-CD56 
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To better understand the mechanisms involved in SHIP-1 interaction with CD16 receptor and whether such complex is formed in the raft domains, we analyzed the redistribution of zeta chain within the raft and soluble fractions by immunoprecipitation and western blotting in CD16-stimulated NK cells.
Unphosphorylated zeta chain together with the partially phosphorylated p21 isoform were detected both in the raft and soluble fraction of unstimulated NK cells (Fig. 6, panels A and B) , as previously described in human thymocytes (23) . Upon CD16 activation, new protein species migrating as a typical triplette corresponding to p21-p23 phospho-zeta chains were evident. Notably, all molecular isoforms of phosphorylated zeta resulted highly enriched in the raft compartment (panel A).
To analyze whether phospho-zeta was associated with SHIP-1 in the rafts upon CD16 triggering, we analyzed the distribution of SHIP-1-containing complexes. Upon receptor engagement SHIP-1 immunoprecipitates contain phosphorylated p21-p23 molecular species (Fig. 6 , panel E) clearly comigrating with phosphorylated zeta chain (panel A). We were not able to directly identify the p21-p23 phospho-protein because, as reported, all available anti-zeta Abs including the mAb we used, most prominently recognize the 16-kD unphosphorylated zeta species compared with phosphorylated zeta (30) . In accordance with our previous evidence on the role of shc adaptor protein in mediating the association of SHIP with CD16 receptor complex (18), phosphorylated shc was also detected in SHIP-1 immunoprecipitates from CD16-stimulated NK cells (panel D). The presence of raft-associated phosphorylated zeta chain co-precipitating with SHIP-1 in CD16-stimulated sample (panel E) suggests that CD16 zeta chain may mediate the recruitment of SHIP-1 to raft domains.
We also found that the relative amounts of SHIP-1, shc and phospho-zeta present in the raft vs the soluble fraction of stimulated NK cells were significantly different. Indeed, lower amounts of SHIP-1 (panel F) and shc (panel G), but higher levels of phosphorylated zeta chain (panel E) were present in the rafts as compared with the soluble fraction thus suggesting that phospho-zeta is crucial for the formation of the trimolecular complex.
Fig. 6
Time course analysis of the formation of SHIP-1/shc/zeta complex in the rafts exhibited a kinetics (not shown) strictly resembling that of SHIP-1 translocation in this compartment (Fig. 3) and of zeta-associated 5' phosphate activity (Fig. 1) . The data indicate that phosphorylated zeta chain mediates the recruitment of SHIP-1/shc complex to the raft domains.
CD16 receptor accumulates in the lipid rafts upon its engagement
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In human NK cells, zeta chain has been recently shown to be part of activating receptors other than CD16 (31). We therefore analyzed by confocal microscopy whether the CD16 receptor ligandbinding subunit co-localizes with rafts too.
To this purpose, NK cells were stained at 4°C with FITC-conjugated anti-CD16 or anti-TfR mAb and Alexa Fluor 594-conjugated CTB. Cells were either directly fixed or allowed to bind CTBlabelled P815 target cells for 3 minutes at 37°C and then fixed. Representative images in Fig. 7 show that both CD16 and rafts are distributed throughout the plasma membrane and partially co- 
Fig. 7
Collectively, our results demonstrate the ligand-dependent selective accumulation of CD16 receptor complexes within the rafts.
SHIP-1 catalytic activity is involved in the regulation of CD16-dependent NK cell-mediated cytotoxicity
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To directly define a functional role for SHIP-1 in CD16-mediated cytotoxicity, we used the vaccinia virus expression system to overexpress SHIP-WT or the SHIP-CAT mutant. Human NK cells were infected with the recombinant vaccinia viruses and SHIP-1 expression was assessed by western blot analysis using anti-Flag mAb (Fig. 8) . Uninfected, SHIP-WT-, SHIP-CAT-or control vector-infected NK cells were tested in a reverse ADCC assay using FcR-bearing P815 target cells in the presence of anti-CD16 mAb. SHIP-WT-infected NK cells exhibited a significant downregulation of CD16-mediated killing when compared to the cytotoxic activity of NK cells infected with the empty virus (Fig. 8) No detectable cytotoxicity against P815 targets was observed in the absence of anti-CD16 mAb at the indicated E:T ratios (not shown).
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Fig. 8
Taken together, these results suggest that SHIP-1 is involved in the down-regulation of CD16-mediated NK cytotoxicity, and that SHIP-1 inhibitory function depends on its enzymatic activity.
Discussion
In the past few years since its original identification, SHIP-1 phosphatase has been shown to play a key role as a negative signaling molecule by its ability of reducing the levels of PI3,4,5P 3 , thus removing a membrane-targeting signal for PH domain-containing effector molecules (11, 12) .
Although SHIP-1 has been mainly demonstrated to be responsible for the inhibitory activity of Our data first demonstrate that CD16 receptor complex associates with SHIP-1-mediated phosphatase activity upon receptor ligation, in that a substantial fraction (near to 30%) of SHIP-1 activity co-precipitates with the engaged receptor.
Among the mechanisms required for SHIP-1 activation, plasma membrane localization of the enzyme directly contributes to lipid phosphatase-mediated substrate hydrolysis, whereas its tyrosine phosphorylation does not affect the enzymatic activity (22) .
Lipid rafts are specialized regions of the plasma membrane that provide an important scaffold for the assembly of functional signaling complexes (2, 7). Raft clustering and polarization at NK-target cell contact area allow the concentration and exclusion of specific membrane proteins and permit the enrichment of downstream mediators thus orchestrating positive and negative signals crucial for the development of cytotoxicity (4-6).
We show here that upon CD16 engagement, SHIP-1 rapidly and transiently translocates to the raft fraction where most phosphoinositides, including PI3,4,5P 3 , are highly enriched (27, 28) .
Accordingly, SHIP-1 translocation to lipid rafts has been described in response to BCR stimulation (33) .
We have previously demonstrated that upon reverse ADCC, a SHIP-1/shc/zeta chain trimolecular complex is formed (18) and unlike CD16-associated gamma, zeta chain plays a preferential role due to its selective ability to associate with shc (34) and, consequently, SHIP-1.
In order to explore the possibility that CD16 receptor complex could mediate SHIP-1 recruitment to raft domains, we initially analyzed CD16 distribution in these domains, as no data are presently available. We report here the presence of zeta chain in the detergent-insoluble membrane domains isolated from unstimulated NK cells, although at lower levels than in CD16-stimulated ones.
Confocal microscopy analysis of the CD16 ligand-binding subunit further suggests a partial constitutive association of CD16 receptor complexes with the raft domains. These findings are consistent with previous evidence reporting the constitutive association of the membrane-associated src family kinase lck with CD16 receptor complex (35) . Similarly, a weak and partial raft residency in unstimulated cells has been reported for other MIRR including the FcepsilonRI and TCR complex (2, 36).
Upon its cross-linking, CD16 is clustered and co-localizes with lipid macrorafts, and hyperphosphorylated p21-23 zeta chain isoforms result highly enriched in the detergent insoluble fractions, indicating that CD16 receptor complexes rapidly translocate into rafts following engagement. Raft-associated receptors zeta chain function as part of a signaling complex containing shc and SHIP-1 thus allowing membrane raft localization of SHIP-1 and its activation. Such SHIP-1/shc complex located in raft compartment results highly enriched in phospho-zeta chains with respect to the complex present in the soluble compartment (Fig. 5, panel E) . This may indicate that the phosphatase activity coprecipitating with zeta chain (Fig. 1 ) is mainly associated with phosphozeta chain present in raft domains. A major portion of SHIP-1 is associated with shc in non raft
For personal use only. on November 12, 2017 . by guest www.bloodjournal.org From membrane fraction. This result well correlates with the finding of higher levels of in vitro SHIP-1 activity in shc rather than zeta immunoprecipitates from CD16-stimulated NK cells. Furthermore, the co-localization of SHIP-1 and CD16 as detected by confocal microscopy further supports that SHIP-associated zeta chain would be part of CD16 complex upon receptor engagement.
The kinetics of SHIP-1 recruitment to rafts is quite rapid and strictly overlapping that of CD16-mediated PI3-K activation (37) . At variance with our data, a recent report describing SHIP-1 translocation to rafts upon BCR/FcgammaRIIb co-crosslinking (38) , shows a markedly persistent kinetics, with SHIP-1 present in rafts at high levels until 15 minutes of stimulation. This result may be related to differences in the stability of distinct SHIP-1-containing complexes that associate with different immune receptors (11, 12) .
The activation of the cytolytic machinery is a tightly regulated process. Recent reports have highlighted a pivotal role of PI3-K in the regulation of NK cytotoxicity (8, 9) . In this context, PI3-K has been found to control the activation of the vav/Rac1 pathway and the downstream PAK and ERK1/2 (9). Moreover, PI3,4,5P 3 has been identified as a component of the signaling pathways coupling tyrosine kinases to Ca 2+ mobilization (39) . Notably, rac1, ERK1/2 effectors and Ca 2+ elevation critically control cytolytic granule polarization and exocytosis (9, 19, (40) (41) (42) (43) .
Our results demostrate that SHIP-1 could limit activation signals necessary for CD16-dependent For personal use only. on November 12, 2017. by guest www.bloodjournal.org From
